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Using 4.48 × 108 ψ(3686) events collected with the BESIII detector, we search for the decays
χcJ → µ
+µ−J/ψ through the radiative decays ψ(3686) → γχcJ , where J = 0, 1, 2. The decays
χc1,2 → µ
+µ−J/ψ are observed, and the corresponding branching fractions are measured to be
B(χc1 → µ
+µ−J/ψ) = (2.51 ± 0.18 ± 0.20) × 10−4 and B(χc2 → µ
+µ−J/ψ) = (2.33 ± 0.18 ±
0.29)× 10−4, where the first uncertainty is statistical and the second one systematic. No significant
χc0 → µ
+µ−J/ψ decay is observed, and the upper limit on the branching fraction is determined to
be 2.0×10−5 at 90% confidence level. Also, we present a study of di-muon invariant mass dependent
transition form factor for the decays χc1,2 → µ
+µ−J/ψ.
PACS numbers: 13.20.Gd, 13.40.Hq, 14.40.Pq
I. INTRODUCTION
The electromagnetic (EM) Dalitz decays M1 →
M2ℓ
+ℓ− (M for meson, ℓ = e or µ) provide information
on the internal structure of the mesons and the interac-
tions of the mesons with the electromagnetic field [1–4].
Such decays are well studied in light-quark meson sec-
tor [5], but very rare in charm sector, let alone in bottom
sector. The q-dependent transition form factor (TFF),
where q is the invariant mass of the lepton pair, serves
as a sensitive probe to the inner structure of the mesons
involved, thus provides crucial tests to the theoretical
models developed to describe the nature of the mesons,
especially the charmonium-like states which manifested
exotic properties compared with conventional charmoni-
um states. One example is the X(3872); while it is a
candidate for the radial excitation of the P -wave char-
monium state χc1, it is also a good candidate of DD¯
∗
molecule. Precision measurement of its EM Dalitz de-
cays and comparison with those of χc1 decays and the
relevant theoretical models may eventually reveal its na-
ture.
The branching fractions for χcJ → µ+µ−J/ψ are pre-
dicted in Ref. [6] (Throughout this paper, χcJ refers
to χc0, χc1, and χc2), and it is demonstrated that the
µ+µ− decay channels are more suitable for the investi-
gation of χcJ → γ∗J/ψ decay vertices than e+e− de-
cay channels, which have been observed at BESIII [7].
Very recently, LHCb reported the observation of χc1,2 →
µ+µ−J/ψ [8] and measured the χc1,2 resonance pa-
rameters. At BESIII, since the branching fractions of
ψ(3686) → γχcJ can be calculated very precisely, we
can measure the absolute branching fractions of χcJ →
µ+µ−J/ψ. The branching fractions in theoretical cal-
culations are related to the TFF, so the measurements
can provide more constraints on theoretical calculations
about TFF correction [6].
In this work, we report the branching fraction mea-
surements of χcJ → µ+µ−J/ψ by analysing the cascade
decay ψ(3686)→ γχcJ , χcJ → µ+µ−J/ψ. Here, the J/ψ
is reconstructed in its decay to an e+e− or µ+µ− pair.
This analysis uses a data sample of (4.481± 0.029)× 108
ψ(3686) events [9] taken with the BESIII detector [10] op-
erating at BEPCII [11] in 2009 and 2012. In addition, a
data sample corresponding to an integrated luminosity of
(44.49± 0.02± 0.44) pb−1, taken at√s = 3.65 GeV [12],
is used to estimate the background from continuum pro-
cesses.
II. BESIII DETECTOR AND MONTE CARLO
SIMULATION
The BESIII detector is a magnetic spectrometer [10]
located at the BEPCII [11]. The cylindrical core of the
BESIII detector consists of a helium-based multilayer
drift chamber (MDC), a plastic scintillator time-of-flight
system (TOF), and a CsI(Tl) electromagnetic calorime-
ter (EMC), which are all enclosed in a superconducting
solenoidal magnet providing a 1.0 T magnetic field. The
solenoid is supported by an octagonal flux-return yoke
with resistive plate counter muon identifier modules in-
terleaved with steel. The acceptance of charged particles
and photons is 93% over 4π solid angle. The charged-
particle momentum resolution at 1 GeV/c is 0.5%, and
the dE/dx resolution is 6% for the electrons from Bhabha
scattering. The EMC measures photon energies with a
resolution of 2.5% (5%) at 1 GeV in the barrel (end cap)
region. The time resolution of the TOF barrel part is
68 ps, while that of the end cap part is 110 ps.
Simulated samples produced with the geant4-
based [13] Monte Carlo (MC) package which includes
4the geometric description of the BESIII detector and the
detector response, are used to determine the detection
efficiency and to estimate the backgrounds. The simu-
lation includes the beam energy spread and initial state
radiation (ISR) in the e+e− annihilations modelled with
the generator kkmc [14]. The signal MC samples are
generated using evtgen [15] with a q-dependent decay
amplitude based on the assumption of a point-like meson,
as described in Refs. [6, 16]. The inclusive MC sample
consists of the production of the ψ(3686) resonance, the
ISR production of the J/ψ, and the continuum process-
es incorporated in kkmc [14]. The known decay modes
are modelled with evtgen [15] using branching fractions
taken from the Particle Data Group [5], and the remain-
ing unknown decays from the charmonium states with
lundcharm [17]. The final state radiations (FSR) from
charged final state particles are incorporated with the
photos package [18].
III. EVENT SELECTION
Candidate events are required to have four charged
tracks, with zero net charge, and at least one photon. For
each charged track, the distance of the closest approach
to the interaction point (IP) is required to be smaller than
1 cm on the radial direction and smaller than 10 cm along
the beam axis. The polar angle (θ) of the tracks must be
within the fiducial volume of the MDC (| cos θ| < 0.93).
Photons are reconstructed from isolated showers in
the EMC which are at least 20◦ away from the near-
est charged track. The photon energy is required to be
at least 25 MeV in the barrel region (| cos θ| < 0.8) or
50 MeV in the endcap region (0.86 < | cos θ| < 0.92).
In order to suppress electronic noise and energy deposi-
tions which are unrelated to the event, the time after the
collision at which the photon is recorded in the EMC is
required to satisfy 0 ≤ t ≤ 700 ns.
According to the study of signal MC, the tracks with
momentum larger than 1 GeV/c are assumed to be lep-
tons from J/ψ decay, otherwise they are considered as
muons from χcJ decay. The EMC deposited energy is
used to separate electrons and muons from J/ψ, leptons
from the J/ψ decay with energy deposited in EMC larg-
er than 1.0 GeV are identified as electrons, less than
0.3 GeV as muons. The J/ψ signal is selected by re-
quiring the invariant mass of the lepton pair to be in the
mass region [3.085, 3.110] GeV/c2. A vertex fit is per-
formed on the four charged tracks to restrict the tracks
originated from the IP. In order to reduce backgrounds
and improve the mass resolution, a four-constraint (4C)
kinematic fit is performed by constraining the total four
momentum to that of the initial beams. All the photons
are looped with the four tracks in the kinematic fit and
only those with a χ2 < 40 are retained. If there is more
than one photon candidate in an event, only the one with
the least χ2 is retained for further analysis.
A study of the ψ(3686) inclusive MC sample shows
that, after applying the above selection criteria, the main
backgrounds come from the four processes: Cat. I:
ψ(3686) → γχcJ , χcJ → γJ/ψ, J/ψ → ℓ+ℓ−; Cat. II:
ψ(3686) → π01π02J/ψ, π01 → γγ, π02 → γγ, J/ψ → ℓ+ℓ−;
Cat. III: ψ(3686) → π01π02J/ψ, π01 → γγ, π02 → γe+e−,
J/ψ → ℓ+ℓ− and Cat. IV: ψ(3686) → ηJ/ψ, η →
γµ+µ−, J/ψ → ℓ+ℓ−.
To suppress the backgrounds from Cats. I and II,
where one photon is converted into two electrons, a
photon-conversion finder [19] is used to reconstruct the
photon-conversion vertex. There are no additional re-
quirements in photon-conversion finder. The distance
from the reconstructed conversion vertex to the z axis,
Rxy, is used to distinguish the photon conversion back-
ground from the signal. Figure 1 shows the Rxy distri-
bution of the decay χc1 → µ+µ−J/ψ as an example. By
studying the MC samples of Cats. I and II, the peaks
around Rxy = 3 and 6 cm match the positions of the
beam pipe and the inner wall of MDC [10], respectively.
For the background from Cat. III, it enhances around
Rxy = 0 cm. In order to remove all these backgrounds,
a requirement Rxy > 8.5 cm is applied. For the signal
events, the reconstructed Rxy is almost proportional to
the opening angle of the two µ tracks, so if the angle of
the two tracks is large, the variable Rxy is also large.
 (cm)xyR
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FIG. 1. Distribution of Rxy for the decay χc1 → µ
+µ−J/ψ,
where Rxy is the distance from the reconstructed conversion
vertex to the z axis calculated from photo-conversion find-
er [19]. The points with error bars are data, the red his-
tograms are for the signal MC simulations and the blue dotted
lines are for the background MC simulations.
To remove the background from Cat. IV, which has
the same final state as the signal event, a requirement
M(γµ+µ−) < 0.535 or > 0.560 GeV/c2 is applied, where
M(γµ+µ−) is the invariant mass of γµ+µ−. The require-
ment removes almost all the Cat. IV background events
(it accounts for about 60% of the remaining background,
is about 140 events), with an efficiency loss of about 15%
for signal events.
After applying all the above criteria for ψ(3686) in-
clusive MC sample, which does not include the signal
5processes, only a few events are left, and the overall con-
tribution from ψ(3686) decays in the M(µ+µ−J/ψ) dis-
tribution is found to be smooth. Here M(µ+µ−J/ψ) =
M(µ+µ−ℓ+ℓ−) −M(ℓ+ℓ−) + m(J/ψ) is used to reduce
the resolution effect of the lepton pairs, and m(J/ψ) is
the nominal mass of J/ψ [5]. The continuum background
is studied by using the data collected at
√
s = 3.65 GeV,
and the contribution is found to be negligible.
IV. BRANCHING FRACTION MEASUREMENT
Figure 2 shows the M(µ+µ−J/ψ) distribution for se-
lected events from data. Clear enhancements at the
masses of χc1,2 are seen, corresponding to the decays
χc1,2 → µ+µ−J/ψ, while no significant signals for the
χc0 → µ+µ−J/ψ decay are found. An unbinned max-
imum likelihood fit is performed to the M(µ+µ−J/ψ)
distribution to extract the signal yields. We use the MC-
determined shapes to describe the χcJ signals, where the
magnitudes are free parameters. The background is de-
scribed by a linear function with the number of events as
free parameter. The fit result is shown in Fig. 2 and the
corresponding signal yields are summarized in Table I.
The significances for χc1,2 are larger than 10σ by compar-
ing the likelihood values for the fits with or without χc1,2
signals and taking the change of the number of degrees-
of-freedom into account. Since no significant signal is ob-
served for χc0 → µ+µ−J/ψ decay, we give the upper lim-
it at 90% confidence level (C.L.) using Bayesian method.
With the fit function described before, we scan the num-
ber of χc0 signal yield to obtain the likelihood distribu-
tion, and smear it with the systematic uncertainty. The
upper limit of the number of χc0 signal yield N
up
χc0 at 90%
C.L. is obtained via
∫ Nupχc0
0 F (x)dx/
∫∞
0 F (x)dx = 0.90,
where F (x) is the probability density function of the like-
lihood distribution.
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FIG. 2. Distribution of M(µ+µ−J/ψ) in data (dots with
error bars). The solid curve is the overall fit result, the dashed
curve is for background contribution.
The branching fractions B(χcJ → µ+µ−J/ψ) are cal-
culated according to
B(χcJ → µ
+µ−J/ψ) =
N
Nψ(3686) · Brad · BJ/ψ→l+l− · ǫ
, (1)
where N is the signal yields obtained from the fit,
Nψ(3686) is the number of ψ(3686) events [9], ǫ is the av-
erage selection efficiency of the decays J/ψ → e+e− and
J/ψ → µ+µ− determined from the signal MC samples,
Brad is the branching fraction of the radiative transitions
ψ(3686) → γχcJ , and BJ/ψ→ℓ+ℓ− is the sum of branch-
ing fractions of J/ψ → e+e− and J/ψ → µ+µ−. All the
branching fractions used are taken from Ref. [5]. The
results of χcJ → µ+µ−J/ψ are listed in Table I.
V. TRANSITION FORM FACTOR
MEASUREMENT
Figure 3 shows comparisons of the observed q distribu-
tions without efficiency correction in data and MC sim-
ulation for the decays χc1,2 → µ+µ−J/ψ, where the χc1
and χc2 signals are extracted by requiring a mass with-
in [3.500, 3.520] and [3.545, 3.565] GeV/c2, respectively;
with these criteria the backgrounds are expected to be
about 5%. The data are in reasonable agreement with the
MC simulation generated by using the point-like model
described in Refs. [6, 16].
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FIG. 3. Comparison of q distributions between data and MC
simulation. The distributions are not efficiency corrected for
the decays χc1 → µ
+µ−J/ψ (a) and χc2 → µ
+µ−J/ψ (b).
The points with error bars are data and the red histograms
are for the signal MC simulations. The MC distributions are
normalized by the total number of events for data.
To measure the TFF, the q distributions in the de-
cays χc1,2 → µ+µ−J/ψ are divided into 4 and 5 re-
gions, respectively. The bin-by-bin signal yields and
corresponding branching fractions are listed in Table II.
The quantum electrodynamics (QED) predicted branch-
ing fraction results of χc1,2 → µ+µ−J/ψ are obtained
from Eq.(2) in Ref. [6], and the uncertainty is from the
branching fractions of χc1,2 → γJ/ψ. The TFFs are the
ratios of measured branching fractions and QED predict-
ed branching fractions in each bin, which are also listed
in Table II. Figure 4 shows the TFF distributions for the
decays χc1,2 → µ+µ−J/ψ. If we use the parametriza-
tion F (q) = 11−q2/Λ2 [3] to fit TFF distributions, the fit
6TABLE I. Signal yields, detection efficiency, branching fraction (or upper limit at 90% C.L.) and ratio of the branching fractions
for each decay channel. Here the first uncertainty is statistical and the second systematic.
Decay mode Yields Efficiency (%) Branching fraction B(χcJ→µ
+µ−J/ψ)
B(χcJ→e
+e−J/ψ)
χc0 → µ
+µ−J/ψ < 9.5 9.40 < 2.0 × 10−5 < 0.14
χc1 → µ
+µ−J/ψ 221.9 ± 15.3 16.94 (2.51 ± 0.18± 0.20) × 10−4 (6.73± 0.51 ± 0.50) × 10−2
χc2 → µ
+µ−J/ψ 218.9 ± 16.1 18.42 (2.33 ± 0.18± 0.29) × 10−4 (9.40± 0.79 ± 1.15) × 10−2
TABLE II. Signal yields, measured branching fraction B, QED predicted branching fraction BQED [6] and TFF |F (q)|
2 for the
decays χc1,2 → µ
+µ−J/ψ in each bin. Here the first uncertainty is statistical and the second systematic.
Channel q (GeV/c2) Yields B (10−5) BQED [6] (10
−5) |F (q)|2
χc1 → µ
+µ−J/ψ [2mµ, 0.25] 26.9± 5.4 4.32 ± 0.87± 0.35 3.81 ± 0.11 1.13 ± 0.23± 0.10
[0.25, 0.30] 74.4± 8.9 8.87 ± 1.06± 0.71 5.91 ± 0.17 1.50 ± 0.18± 0.13
[0.30, 0.35] 63.4± 8.3 6.51 ± 0.85± 0.52 4.64 ± 0.14 1.40 ± 0.19± 0.12
[0.35, 0.40] 59.5± 7.9 5.17 ± 0.69± 0.42 2.83 ± 0.08 1.83 ± 0.25± 0.16
χc2 → µ
+µ−J/ψ [2mµ, 0.25] 29.1± 5.9 4.20 ± 0.85± 0.52 2.20 ± 0.06 1.91 ± 0.39± 0.24
[0.25, 0.30] 50.7± 7.8 5.32 ± 0.82± 0.66 3.51 ± 0.09 1.52 ± 0.24± 0.19
[0.30, 0.35] 47.4± 7.7 5.02 ± 0.82± 0.62 2.93 ± 0.08 1.71 ± 0.28± 0.22
[0.35, 0.40] 56.9± 7.9 5.61 ± 0.78± 0.70 2.16 ± 0.06 2.60 ± 0.37± 0.33
[0.40, 0.45] 38.3± 6.8 3.45 ± 0.62± 0.43 1.25 ± 0.03 2.76 ± 0.50± 0.35
results are also shown in Fig. 4. The Λ values for the de-
cays χc1,2 → µ+µ−J/ψ are Λχc1 = (0.76± 0.18) GeV/c2
and Λχc2 = (0.71± 0.10) GeV/c2.
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FIG. 4. TFF distributions for the decays χc1 → µ
+µ−J/ψ
(a) and χc2 → µ
+µ−J/ψ (b). The solid curves are the fit
results.
VI. SYSTEMATIC UNCERTAINTY
The systematic uncertainties for the branching frac-
tion measurement arise from the following sources: track
reconstruction, photon detection, kinematic fit, J/ψ
mass criteria,M(γµ+µ−) requirement, Rxy requirement,
fit procedure, angular distribution, number of ψ(3686)
events, and the branching fractions of the cascade de-
cays. All uncertainties are discussed in detail below.
The difference between data and MC simulation on the
tracking efficiency of high momentum tracks is estimated
to be 1% [20] using control sample ψ(3686)→ π+π−J/ψ,
J/ψ → ℓ+ℓ−. To study the difference on the low mo-
mentum muon tracking efficiency between data and MC
simulation, we select a sample of ψ(3686) → π+π−J/ψ,
J/ψ → µ+µ−γ. The weighted difference between da-
ta and MC simulation is about 4% for the low momen-
tum µ+µ− pair. We also checked cosθ dependence of
low momentum tracking efficiency using control sample
J/ψ → pp¯π+π−. The π tracking efficiency is cosθ depen-
dent, and we use these results to correct the efficiency for
µ+µ− pair, while the weighted difference between data
and MC simulation is also about 4%. Totally, a 6% sys-
tematic uncertainty on tracking efficiency is attributed
to all channels. The uncertainty on the photon detection
efficiency is derived from a control sample of J/ψ → ρ0π0
and is 1.0% per photon [21].
In the 4C kinematic fit, the helix parameters of charged
tracks are corrected to reduce the discrepancy between
data and MC simulation as described in Ref. [22]. The
correction factors are obtained by studying a control sam-
ple of ψ(3686)→ π+π−J/ψ, J/ψ → ℓ+ℓ−. To determine
the systematic uncertainty from this source, we deter-
mine the efficiencies from the MC samples without the
helix correction; the resulting differences with respect to
the nominal values are taken as systematic uncertainties.
The uncertainty associated with the J/ψ mass require-
ment is 1.0%, which is determined by studying a control
sample of ψ(3686)→ ηJ/ψ, η → γγ (where one γ under-
goes conversion to an e+e− pair) or η → γe+e− decays.
The systematic uncertainty related to theM(γµ+µ−) re-
quirement is studied by removing the requirement and
then repeat the analysis to get the result. The difference
from the nominal result is taken as systematic uncertain-
ty from this source. Likewise to estimate the systematic
uncertainty fromRxy requirement, we also remove the re-
quirement to get the result and the difference is taken as
systematic uncertainty. Due to the absence of χc0 signal,
7the uncertainties for χc0 channel on M(γµ
+µ−) require-
ment and Rxy requirement are taken from the larger one
in the χc1 and χc2 channels.
The sources of uncertainty in the fit procedure include
the fit range, the signal shape, and the background shape.
The uncertainty related to the fit range is obtained by
varying the limits of the fit range by ±5 MeV/c2. The
largest difference in the signal yields with respect to the
nominal values is taken as systematic uncertainty. In the
nominal fit, the signal shapes are described with the MC
simulated signal shapes. An alternative fit is performed
with the signal MC simulated shapes convolved with a
Gaussian function. The resulting change in the signal
yields is taken as systematic uncertainty. The uncer-
tainty associated with the background shape is estimated
by an alternative fit replacing the first order polynomial
function with a second order polynomial function. The
change in the signal yields is taken as systematic uncer-
tainty. About the uncertainty from fit procedure for χc0
channel, we try to use different combinations of fit range,
signal shape and background shape to get the upper lim-
its, and choose the largest one as nominal upper limit.
The helicity angle distribution 1+α·cos2θ of the µ+µ−
pair in χcJ rest frame may affect the detection efficiency,
where α is angular distribution parameter. We fix the an-
gular distribution of µ+µ− pair in χc1,2 → µ+µ−J/ψ at
the measurements from processes χc1,2 → e+e−J/ψ [7],
αχc1 = 0.0 ± 0.2 and αχc2 = 0.5 ± 0.2, and vary 1σ to
get the systematic uncertainty. For the decay χc0 →
µ+µ−J/ψ, the angular distribution of µ+µ− pair is set
to be flat, and varied to 1±cos2θ to get the systematic
uncertainty.
The number of ψ(3686) events is measured with an
uncertainty of 0.7% by using the inclusive hadronic
events [9]. The uncertainties of the branching fractions
in the cascade decays are taken from Ref. [5].
Table III summarizes all individual systematic uncer-
tainties, and the overall uncertainties are the quadrature
sums of the individual ones, assuming they are indepen-
dent. The overall uncertainties are also taken as the sys-
tematic uncertainties of the branching fraction measure-
ments for the decays χc1,2 → µ+µ−J/ψ in each bin in
Table II.
VII. RESULTS AND DISCUSSION
In summary, we observe the decays χc1,2 → µ+µ−J/ψ
through the radiative transitions ψ(3686) → γχcJ . The
corresponding branching fractions are measured for the
first time to be B(χc1 → µ+µ−J/ψ) = (2.51 ± 0.18 ±
0.20) × 10−4 and B(χc2 → µ+µ−J/ψ) = (2.33 ± 0.18 ±
0.29) × 10−4, where the first uncertainty is statistical
and the second systematic. We do not observe sig-
nificant χc0 → µ+µ−J/ψ events, and an upper lim-
it at 90% C.L. on the branching fraction is set to be
TABLE III. Summary of systematic uncertainties (in %).
Dash means that the results are not applicable.
χcJ → µ
+µ−J/ψ
χc0 χc1 χc2
Tracking 6.0 6.0 6.0
Photon 1.0 1.0 1.0
Kinematic fit 2.6 2.5 2.5
J/ψ mass window 1.0 1.0 1.0
M(γµ+µ−) requirement 6.0 1.8 6.0
Rxy requirement 7.6 2.7 7.6
Fit range − 0.5 2.1
Signal shape − 0.1 0.4
Background shape − 0.2 2.3
Angular distribution 2.7 1.1 0.1
Number of ψ(3686) 0.7 0.7 0.7
Branching fractions 2.1 2.5 2.1
sum 12.3 8.0 12.4
B(χc0 → µ+µ−J/ψ) < 2.0× 10−5. The ratios of branch-
ing fractions B(χcJ→µ
+µ−J/ψ)
B(χcJ→e+e−J/ψ)
are also obtained by incor-
porating the BESIII measurements of the branching frac-
tions B(χcJ → e+e−J/ψ) in Ref. [7], as listed in Table I.
The common systematic uncertainties related to efficien-
cy and branching fractions cancel in the calculation.
From the measured TFF distributions, the |F (q)|2 val-
ues deviate from one significantly. This indicates that the
TFF should be considered in the branching fraction cal-
culation. If we use the parametrization F (q) = 11−q2/Λ2
to parameterize TFF with Λ = mρ = 0.77 GeV/c
2, the
calculated branching fractions [6] for χcJ → µ+µ−J/ψ
agree well with the measured results.
ACKNOWLEDGMENTS
The BESIII collaboration thanks the staff of BEPCII
and the IHEP computing center for their strong
support. This work is supported in part by
National Key Basic Research Program of China under
Contract No. 2015CB856700; National Natural Science
Foundation of China (NSFC) under Contracts Nos.
11847028, 11335008, 11425524, 11625523, 11635010,
11735014, 11505034, 11521505, 11575198, U1732105;
the Chinese Academy of Sciences (CAS) Large-Scale
Scientific Facility Program; the CAS Center for
Excellence in Particle Physics (CCEPP); Joint Large-
Scale Scientific Facility Funds of the NSFC and CAS
under Contracts Nos. U1532257, U1532258, U1732263;
CAS Key Research Program of Frontier Sciences un-
der Contracts Nos. QYZDJ-SSW-SLH003, QYZDJ-
SSW-SLH040; 100 Talents Program of CAS; INPAC
and Shanghai Key Laboratory for Particle Physics
and Cosmology; Foundation of Henan Educational
Committee (No. 19A140015); Nanhu Scholars Program
for Young Scholars of Xinyang Normal University;
8German Research Foundation DFG under Contract
No. Collaborative Research Center CRC 1044;
Istituto Nazionale di Fisica Nucleare, Italy; Koninklijke
Nederlandse Akademie van Wetenschappen (KNAW) un-
der Contract No. 530-4CDP03; Ministry of Development
of Turkey under Contract No. DPT2006K-120470;
National Science and Technology fund; The Swedish
Research Council; U. S. Department of Energy un-
der Contracts Nos. DE-FG02-05ER41374, DE-SC-
0010118, DE-SC-0010504, DE-SC-0012069; University
of Groningen (RuG) and the Helmholtzzentrum fuer
Schwerionenforschung GmbH (GSI), Darmstadt.
[1] R. H. Dalitz, Proc. Phys. Soc. A 64, 667 (1951).
[2] L. G. Landsberg, Phys. Rept. 128, 301 (1985).
[3] J. Fu, H. B. Li, X. S. Qin and M. Z. Yang, Mod. Phys.
Lett. A 27, 1250223 (2012).
[4] H. B. Li and T. Luo, Phys. Lett. B 686, 249 (2010).
[5] M. Tanabashi et al. [Particle Data Group], Phys. Rev. D
98, 030001 (2018).
[6] A. V. Luchinsky, Mod. Phys. Lett. A 33, 1850001 (2017).
[7] M. Ablikim et al. [BESIII Collaboration], Phys. Rev.
Lett. 118, 221802 (2017).
[8] R. Aaij et al. [LHCb Collaboration], Phys. Rev. Lett.
119, 221801 (2017).
[9] M. Ablikim et al. [BESIII Collaboration], Chin. Phys. C
42, 023001 (2018).
[10] M. Ablikim et al. [BESIII Collaboration], Nucl. Instrum.
Meth. A 614, 345 (2010).
[11] C. H. Yu et al., Proceedings of IPAC2016, Busan, Korea,
2016, doi:10.18429/JACoW-IPAC2016-TUYA01.
[12] M. Ablikim [BESIII Collaboration], Chin. Phys. C 37,
123001 (2013).
[13] S. Agostinelli et al. [GEANT4 Collaboration], Nucl.
Instrum. Meth. A 506, 250 (2003).
[14] S. Jadach, B. F. L. Ward and Z. Was, Phys. Rev. D
63, 113009 (2001); Comput. Phys. Commun. 130, 260
(2000).
[15] D. J. Lange, Nucl. Instrum. Meth. A 462, 152 (2001);
R. G. Ping, Chin. Phys. C 32, 599 (2008).
[16] A. Faessler, C. Fuchs and M. I. Krivoruchenko, Phys.
Rev. C 61, 035206 (2000).
[17] J. C. Chen, G. S. Huang, X. R. Qi, D. H. Zhang and
Y. S. Zhu, Phys. Rev. D 62, 034003 (2000); R. L. Yang,
R. G. Ping and H. Chen, Chin. Phys. Lett. 31, 061301
(2014).
[18] E. Richter-Was, Phys. Lett. B 303, 163 (1993).
[19] Z. R. Xu and K. L. He, Chin. Phys. C 36, 742 (2012).
[20] M. Ablikim et al. [BESIII Collaboration], Phys. Rev. D
93, 011102 (2016).
[21] M. Ablikim et al. [BESIII Collaboration], Phys. Rev.
Lett. 116, 251802 (2016).
[22] M. Ablikim et al. [BESIII Collaboration], Phys. Rev. D
87, 012002 (2013).
